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Abstract. We measured reflection-magnitude and reflectionphase properties of metallic photonic crystals. The experimental results are in good agreement with the theoretical calculations. We converted the reflection-phase information to an effective penetration depth of the electromagnetic waves into the photonic crystal. This information was then used to predict resonance frequencies of defect structures. A symmetric resonant cavity was built, and an experimental set-up limited reflection magnitude of 80 dB below the incident signal was observed at resonance frequency. Propagation of electromagnetic (EM) waves in periodic dielectric structures can be completely forbidden for a certain range of frequencies [1] [2] [3] . These three-dimensional arrays -photonic band gap (PBG) crystals -can be used to engineer the properties of the radiation field within these structures [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . Although the earlier work on photonic crystals concentrated on building structures with dielectric materials, there are certain advantages of introducing metals to photonic crystals [14] [15] [16] [17] [18] [19] . First, the metals offer a higher rejection rate per layer when compared to dielectric crystals. Second, for microwave applications the dimensions of metallic crystals can be kept much smaller than the minimum dimensions needed for a typical dielectric crystal. In this paper, we investigate the reflection properties of layer-by-layer metallic photonic crystals, and use these properties to predict defect formation in layer-by-layer metallic photonic crystals.
PACS:
In our investigations of reflection properties, we used metallic photonic crystals with the simple-tetragonal (st) structure shown schematically in Fig. 1 . This structure has a two-layer unit cell in the stacking direction. The metallic rods of the structure were 0.8 mm wide, 2.5 mm thick, and 120 mm long, with a center-to-center distance (between adjacent parallel rods) of 7.6 mm. In our earlier work, we investigated the transmission properties of this metallic structure and measured a band gap with an upper edge at 20 GHz and a lower edge extending down to zero frequencies. Within the band gap, the crystal exhibited a typical rejection rate of [20] . An HP 8510C network analyzer and three standard-gain microwave horn antennas were used for measurement of transmission and reflection properties [21] . The reflection calibration was performed by a metal sheet, which was assumed to be a perfect reflector at the measurement frequencies.
The reflection and transmission amplitude characteristics of a 6 layer crystal along the stacking direction with an incidence angle θ = 5
• , is shown in Fig. 2a . We also theoretically investigated the reflection properties of the metallic photonic crystals. The transfer-matrix method [22, 23] (TMM) was used to calculate the EM transmission and reflection through the metallic structures. Figure 2a compares the theoretical reflection and transmission characteristics of the 6-layer-thick crystal with the experimental results. As can be seen from the plot, the theory and experiment were in good agreement. Although the reflection-magnitude properties of the crystal were independent of the polarization vector e of the incident EM wave, we found a strong polarization dependence for the phase of the reflected waves. Figure 2b shows the phase of the reflected waves as a function of frequency for both polarizations, where the polarization vector e of the incident EM wave is either perpendicular or parallel to the rods of the top layer of the photonic crystal. The phase difference between two polarizations is close to 90
• throughout the photonic band gap frequencies. This phase information can also be interpreted as a penetration depth of the EM waves into the metallic photonic crystal. To account for the phase delay due to the reflection phase, the EM waves can be considered to penetrate a certain distance in the crystal and then reflect back from an ideal metallic plane with a phase shift of 180
• . The distance from the surface to the reflection plane L eff can be formulated as
where f is the frequency, φ is the reflection phase (at frequency f ) of the surface, and c is the speed of light. This interpretation can be used to predict the defect frequencies of planar defect structures. Let us assume that two metallic photonic crystal surfaces with effective reflection plane distances of L eff1 and L eff2 are brought together to form a Fabry-Perot cavity with a separation width of L cav . The cavity can be considered to have an effective total cavity length of L tot = L eff1 + L eff2 + L cav . So, the resonance is expected to occur, when half of a wavelength and its integer multiples are equal to L tot . The resonance frequency f res , called the defect frequency, can be written as
We experimentally tested this argument by separating a 12-layer photonic crystal from the middle with a separation width of L cav . We then measured the transmission properties and the corresponding defect frequency f res . The knowledge of the defect frequency can be used to predict the sum of effective reflection plane distances L eff,tot by using the following relation:
We then measured the reflection-phase properties of the two 6-layer mirrors for both polarizations, and calculated L eff,tot by using the relations in (1) and (3) . The values obtained from the defect frequency measurements (of cavities with different separation lengths) and the reflection phase measurements are compared in Fig. 3 . As can be seen from the plot, there is good agreement between the predicted and experimental L eff,tot values. The photonic mirrors have a L eff,tot typically around 5 mm within the band gap frequencies. This information can easily be used to design a defect structure with a given frequency. As an example, a cavity with a resonance at 15 GHz should have an effective total cavity length (L tot ) of 10 mm (corresponding to m = 1). At this frequency L eff,tot = 5 mm, and according to (3), the cavity separation width L cav should be chosen as 5 mm. When we built a cavity with a separation length of 5 mm, we measured a defect frequency at 14.85 GHz which was very close to the design frequency. The same frequency can also be obtained by using the second resonance (m = 2) of a different cavity, where the new effective total cavity length is twice as much or L tot = 20 mm. So a cavity with L cav = 15 mm should also yield a defect frequency near 15 GHz. When we built a cavity with this separation width, we measured a defect frequency at 14.95 GHz, which further confirmed the usefulness of our prediction technique.
We also measured the reflection properties of the planar defect structures. As the structures were obtained by separating a photonic crystal from the middle, they can be considered as Fabry-Perot resonators with symmetric mirrors. For a symmetric Fabry-Perot resonator (which is also called the matched case), one expects all of the incident power to be transmitted (which means zero reflection) at the resonance frequency [24] . In order to test this argument for planar defect structures, we built a cavity by separating an 8-layer crystal from the middle with a separation width of 2.5 mm. The reflection and transmission properties of this planar defect structure is shown in Fig. 4 . As can be seen from the plot, at resonance all of the incident power is transmitted and the reflection amplitude drops to an experimental set-up-limited value of -80 dB. This strong reflection property can be effectively used for reflection-type filtering applications.
In summary, we have theoretically and experimentally investigated the surface-reflection properties of metallic photonic crystals. We have converted the reflection-phase information into an effective penetration depth and used this depth to predict resonance frequencies of defect structures. The agreement between the prediction and the experiment is very good, confirming the validity of the Fabry-Perot cavity model used for the defect structures. To our knowledge, our measurements are the first-reported reflection-phase measurements of metallic photonic crystals in the scientific literature.
